Cellular growth signals stimulate anabolic processes. The mechanistic target of rapamycin complex 1 (mTORC1) is a protein kinase that senses growth signals to regulate anabolic growth and proliferation. Activation of mTORC1 led to the acute stimulation of metabolic flux through the de novo pyrimidine synthesis pathway. mTORC1 signaling post-translationally regulated this metabolic pathway via its downstream target ribosomal protein S6 kinase 1 (S6K1), which directly phosphorylates S1859 on CAD (carbamoyl-phosphate synthetase 2, aspartate transcarbamoylase, dihydroorotatase), the enzyme that catalyzes the first three steps of de novo pyrimidine synthesis.
Cells closely monitor the availability of growth factors, nutrients, and energy and respond accordingly by differentially regulating catabolic and anabolic metabolism. The mTORC1 signaling pathway senses and integrates cellular growth signals and may act as a conduit between these signals and the control of specific energy-and nutrient-consuming processes (1) . mTORC1 stimulates protein synthesis through effects on mRNA translation and ribosome biogenesis (1, 2) . mTORC1 signaling also promotes de novo lipid and sterol synthesis through the activation of the sterol-response element-binding protein (SREBP) transcription factors, which stimulate the expression of the enzymes driving this biosynthetic process (3, 4) . Through such effects on macromolecular synthesis, mTORC1 is a major driver of anabolic cell growth and proliferation conserved throughout eukaryotes.
To reveal additional inputs from the mTORC1 pathway into the control of cellular metabolism, we used unbiased metabolomic profiling in cells lacking the tuberous sclerosis complex 2 (TSC2) tumor suppressor, a key negative regulator of mTORC1 (5) . TSC2-deficient cells exhibit growth factor-independent activation of mTORC1 signaling. Of 224 small metabolites identified by liquid-chromatography (LC) tandem mass spectrometry (MS/MS), the steady state levels of 20 metabolites were significantly increased (p<0.01) in Tsc2 -/-mouse embryo fibroblasts (MEFs) relative to those in their littermate-derived wildtype counterparts (Fig. 1A and Table S1 ). The Tsc2 -/-cells were treated with the mTORC1 inhibitor rapamycin (15 hours) to identify changes dependent on mTORC1. We identified 5 metabolites whose abundance significantly decreased (p<0.01) in response to rapamycin (Fig. 1B) . Amongst those that were both increased in abundance in the Tsc2 -/-cells and sensitive to rapamycin were metabolites of the pentose phosphate pathway. mTORC1 signaling induces global transcription of pentose phosphate pathway genes, and thus increases metabolic flux through this pathway (4) . To identify metabolites that are more acutely affected by changes in mTORC1 signaling, we also conducted metabolite profiling 1-hour after treatment of Tsc2 -/-cells with rapamycin. Of the 5 metabolites whose abundance significantly decreased (p<0.01) after short-term rapamycin (Fig. 1C) , only Ncarbamoyl-aspartate was also both increased in abundance in the Tsc2 -/-cells relative to wild-type (Fig. 1A) and sensitive to longer-term rapamycin (Fig. 1B) , indicating that mTORC1 signaling positively influences the abundance of this metabolite. These changes are not due to differences in cell proliferation or cell cycle progression, which were similar between the Tsc2 +/+ and Tsc2 -/-cells and unchanged following 1-hour rapamycin treatment (Fig. S1A,B) . N-carbamoyl-aspartate is generated in the first committed step of de novo pyrimidine biosynthesis, a pathway that combines nitrogen and carbon from glutamine, bicarbonate (HCO 3 -), and aspartate with ribose, derived from the pentose phosphate pathway, to form pyrimidine nucleotides (Fig. 1D) . To confirm the sensitivity of this metabolite to short-term rapamycin, as detected in Tsc2 -/-MEFs (Fig. 1E) , we compared its abundance in other genetic settings with activated mTORC1 signaling after treatment with either vehicle or rapamycin. In a normal human breast epithelial cell line, MCF10A, stably expressing either K-Ras G12V or PI3K H1047R , oncogenes that activate mTORC1 signaling (6) , N-carbamoyl-aspartate levels were also decreased after 1-hour rapamycin treatment (Fig. 1F) . In a PTEN null human glioblastoma cell line expressing doxycycline-inducible PTEN (U87MG-iPTEN) (7), PTEN re-expression or rapamycin treatment, both of which inhibit mTORC1 signaling in these cells, greatly reduced the abundance of N-carbamoylaspartate (Fig. 1G) . Therefore, mTORC1 signaling affects the abundance of this metabolite in multiple cell settings.
To determine whether the effects of mTORC1 signaling on the steady state abundance of Ncarbamoyl-aspartate reflect regulation of metabolic flux through the de novo pyrimidine synthesis pathway, we measured relative flux with a 15-minute pulse of stable-isotope labeled 15 N-glutamine, labeled on the amide nitrogen that is incorporated into the pyrimidine ring. Enhanced incorporation of label into multiple intermediates of pyrimidine synthesis was detected in Tsc2 -/-MEFs, and this was inhibited by short-term rapamycin treatment ( Fig. 2A) . Although Tsc2 -/-cells exhibited increased glutamine uptake, this uptake was not sensitive to rapamycin at one hour ( Fig. S2A) , demonstrating that the mTORC1-regulated flux is not a result of increased glutamine availability. Flux through pyrimidine synthesis was stimulated by insulin in wild-type MEFs ( Fig. 2B and Fig. S2B ) or HeLa cells ( Fig. S2C ) and was blocked by mTORC1 inhibition with rapamycin, or in response to amino acid starvation (Fig. S2D, E ). mTORC1 signaling thus induces this metabolic pathway in response to both genetic and physiological stimuli. A 15-minute pulse labeling with 13 Caspartate, which labels at the second step in the pathway (Fig. 1D) , further confirmed the mTORC1-regulated flux (Fig. 2C) . Because the pentose phosphate pathway converges with pyrimidine synthesis through ribose-5-phosphate and 5-phosphoribosyl-1-pyrophosphate (PRPP; Fig. 1D ), which can influence upstream steps in pyrimidine synthesis (8) , and mTORC1 signaling promotes flux through the oxidative branch of this pathway through transcriptional effects (4), we analyzed de novo synthesis of pentose phosphate pathway products after exposure of cells to a pulse of [1,2-13 C]-glucose. Tsc2 -/-cells exhibited increased flux through the oxidative pentose phosphate pathway leading to increased synthesis of ribose-5-phosphate and PRPP, and this was significantly sensitive to 15-hour (4), but not 1-hour, treatment with rapamycin (Fig. 2D) . Therefore, the acute effects of mTORC1 signaling on pyrimidine synthesis are not through parallel effects on the pentose phosphate pathway.
To identify the mechanism by which mTORC1 signaling stimulates pyrimidine synthesis, we focused on the enzymes comprising this pathway. We found that neither the transcript nor protein levels of CAD and dihydroorotate dehydrogenase (DHODH), the first two enzymes of the pathway, were altered in settings where mTORC1-dependent increases in flux through pyrimidine synthesis were detected (Fig. S3A-F ). Rapamycin and a DHODH inhibitor (A771726 (9)) had opposing effects on both the steady-state (Fig. S3G ) and de novo synthesized (Fig. S3H) amounts of N-carbamoyl-aspartate, with the DHODH inhibitor greatly increasing the abundance of this metabolite in Tsc2 -/-cells, suggesting that mTORC1 signaling does not influence DHODH activity but rather steps upstream. Because CAD catalyzes the first three steps of the pathway (Fig. 1D) , we performed MS/MS analyses on CAD immunopurified from insulin-stimulated cells in the presence or absence of rapamycin to identify potential mTORC1-regulated phosphorylation sites. Despite 85% coverage of the protein, we only identified two high stoichiometry phosphorylation sites in this analysis, S1859 and S1900 (Fig. S4A) . Whereas the ratio of peptides containing S1900 that were phosphorylated remained unchanged with insulin and rapamycin treatment, peptides phosphorylated on S1859 were only detected in samples from insulin-stimulated cells and were absent from those also treated with rapamycin (Fig. 3A) . S1859 lies within a conserved linker region between the dihydroorotase (DHO; E3) and aspartate transcarbamoylase (ATC; E2) domains, and the phosphorylation site is conserved amongst vertebrate CAD orthologs (Fig. S4B ). This site can be phosphorylated in vitro by PKA (10) and was identified in two recent phospho-proteomic screens for mTORC1-regulated phosphorylation sites (11, 12) . However, the cellular regulation and function of S1859 phosphorylation on CAD has not been described. To characterize the mechanism of S1859 phosphorylation, we took advantage of its sequence context, which is recognized by an available phospho-Sermotif antibody. The phospho-Ser-motif antibody recognizes CAD from cells stimulated with insulin, whereas a phosphorylation site mutant of CAD affecting S1859 was not detected by this antibody, establishing the specificity of the antibody for phospho-S1859 on CAD (Fig.  3B) . The insulin-stimulated phosphorylation of CAD on this site was sensitive to rapamycin, confirming the dependence on mTORC1 activation (Fig. 3C) . Because the S1859 motif resembles that recognized by basophilic kinases, such as Akt and S6K (13, 14) , rather than the motif reported for mTOR (11), we determined whether this site was phosphorylated by S6K1 or S6K2 downstream of mTORC1. Like rapamycin, an S6K1-specific inhibitor (PF-4708671 (15)) blocked the insulin-stimulated phosphorylation of CAD-S1859, along with that of an established S6K1 target site on Rictor (Fig. 3C) (16) . Likewise, siRNAmediated knockdown of S6K1, but not S6K2, attenuated CAD phosphorylation on S1859 (Fig. 3D ). CAD and endogenous S6K1 coimmunoprecipitated (Fig. S4C) , and S6K1, but not catalytically inactive S6K1, directly phosphorylated CAD on S1859 in vitro (Fig. 3E) . A phospho-specific antibody to CAD-S1859 (Fig. S4D) confirmed that endogenous CAD is phosphorylated on this residue in multiple cell lines in response to insulin or EGF in an mTORC1-and S6K1-dependent, but ERK-and RSK-independent, manner ( Fig. 3F and Fig.  S4E, F) . S6K1 did not influence the phosphorylation of CAD on T456, which is phosphorylated by ERK in response to EGF (Fig. 3F) (17) .
We sought to determine whether S6K1 activity influences flux through the pyrimidine synthesis pathway. While long-term treatment with rapamycin can decrease glucose uptake and its flux through the oxidative pentose phosphate pathway (4), the S6K1-specific inhibitor did not affect glucose uptake in Tsc2 -/-cells (Fig. S5A ) and siRNA-mediated depletion of S6K1 did not influence pentose phosphate pathway flux in insulin-stimulated cells (Fig. S5B) . In contrast, the S6K1 inhibitor, like rapamycin, significantly decreased the insulin-stimulated flux from 15 N-glutamine into metabolites of the pyrimidine synthesis pathway (Fig. 4A and Fig. S5C ), and this was also seen with siRNA-mediated depletion of S6K1, but not S6K2 (Fig. 4B and Fig. S5D ). Similar effects of S6K1 depletion on pyrimidine flux were observed in Tsc2 -/-cells with constitutive mTORC1 signaling (Fig. S5E ). Thus, S6K1 is required for induction of de novo pyrimidine synthesis downstream of mTORC1.
To determine whether mTORC1 signaling influences the production of nucleic acids through its stimulation of de novo pyrimidine synthesis, we measured the incorporation of carbon from 14 C-aspartate into RNA and DNA. To control for global effects on RNA and DNA synthesis, we also labeled cells with either 3 H-uridine for RNA or 3 H-thymidine for DNA, exogenous pyrimidines that bypass the de novo synthesis pathway. The DHODH inhibitor blocked the insulin-induced integration of 14 C, but not 3 H, into both RNA and DNA, validating the specificity of this assay for de novo pyrimidine synthesis (Fig. S6A) .
The insulin-stimulated incorporation of both 14 C-aspartate and 3 H-uridine into RNA was inhibited by rapamycin (Fig. S6A, B) , indicating that mTORC1 signaling influences both de novo pyrimidine synthesis and global RNA synthesis downstream of insulin. As the majority of cellular RNA is ribosomal, this finding is consistent with the multiple inputs from mTORC1 signaling into rRNA synthesis (2) . However, the effects of rapamycin on the incorporation of pyrimidines into DNA was specific to those synthesized de novo (Fig. S6A,   B ). SiRNA-mediated depletion of S6K1 also blocked the insulin-induced incorporation of 14 C-aspartate into both RNA and DNA but, unlike rapamycin, did not affect the incorporation of exogenous pyrimidines (Fig. 4C) . Ribosome purification from labeled cells depleted of S6K1 demonstrated that S6K1 was required for insulin to stimulate the incorporation of de novo synthesized pyrimidines, but not exogenous pyrimidines, into rRNA (Fig. 4D) . The role of S6K1 in the mTORC1-stimulated flux through pyrimidine synthesis into RNA and DNA was further confirmed in Tsc2 -/-cells depleted of S6K1 (Fig.   S6C ).
To determine whether S6K1 regulates flux through the pyrimidine synthesis pathway through its direct phosphorylation of CAD-S1859, we used a chinese hamster ovary (CHO-K1)-derived cell line called G9C, which is auxotrophic for uridine due to a CAD deficiency (18) . As in other cell settings, insulin acutely stimulated an increase in labeling of intermediates in pyrimidine synthesis in G9C cells expressing wild-type CAD, and this was blocked by the S6K1 inhibitor ( Fig. 4E and Fig. S7A, B) . Although the synthesis of Ncarbamoyl-aspartate increased in response to insulin in CAD-S1859A mutant-expressing G9C cells, the labeling of pyrimidine intermediates downstream of CAD was not stimulated by insulin, with these metabolites detected at amounts similar to that in wild-type cells treated with the S6K1 inhibitor (Fig. 4E) . These data suggest that the S6K1-mediated phosphorylation of S1859 enhances the in vivo dihydroorotase (E3) activity of CAD, with additional points of regulation from insulin and S6K1 possibly affecting upstream steps in the pathway (Fig. S7C) . The cells expressing CAD-S1859A were no longer acutely sensitive to insulin for the stimulated incorporation of de novo synthesized pyrimidines into RNA and DNA (Fig. S7D ).
This study demonstrates that mTORC1 serves as a molecular link between growth signals and acute control over pyrimidine synthesis. It is worth emphasizing that mTORC1 and S6K1 are not essential for de novo pyrimidine synthesis per se, but are required to increase flux through this pathway in response to growth-promoting signals, such as insulin and nutrients. The direct regulation of CAD by S6K1 serves as a mechanism to increase the pool of nucleotides available for the RNA and DNA synthesis that accompanies cell growth. In addition to protein and lipid synthesis, pyrimidine synthesis represents another major anabolic process that is responsive to changes in cellular growth conditions through mTORC1 signaling. 
